In cattle, the kidne y has been the only known site for product ion of 1 ,25-dihiydroxvvitairun D [1,25(OH) 2D . J from 25-liydroxvvitamjn D 3 [25(OH)D3 by lo-hydroxv1ase (ics-OHase). Based on human studies, it was hypothesized that bovine monoc ytes could produce 1 ,25(OH) 2D upon activation and 1 ,25(OH)D;1 would regulate expression of vitamin D responsive genes in monocytes. First, the effects of 1 25(()H) 9 D:3 on bovine monocytes isolated from peripheral peripheral blood were tested. Treatment of rionstiniulated monoc ytes with 1,25(OH)9D.1 increased expression of the gene for the vitamin D 24-hvcli'oxylase (24-011ase) enz y iiie by 51 ± 13 fold. but 1,25(OH) 2D 3 induction of 24-011ase expression was blocked by lipopolysaccharide (LPS) stimulation. In addition. 1.25(OH)D 3 increased the gene expression of inducible nitric oxide synthase and the cheniokine RANTES (regulated upon activation, normal I-cell expressed and secreted) in LPS-stimulated nionocvtes 69 ± 13 and 40 + 12 fold. respectivel y. Next, the ability of bovine monocytes to express ln-OI-Ia,e and produce 1 ,25(OH) 9D.3 was tested. Activation of monoc ytes with LPS. tripalmitoviated lipopeptide (Pam3CSK4), or peptidoglycan caused 43 + 9, 17 + 3 1 and 19 + 3 fold increases in Ics-OHase gene expression, respectively. Addition of 25(OH)D.3 to LPS-stimulated rnonocytes enhanced expression of inducible nitric oxide synthase and RANTES and nitric oxide production in a (losedependent manner, giving evidence that activated monocytes convert 25(01 1)1) 1 to 1,25(0I{) 2 D 1 . In Conclusion, bovine rnonocytes produce 1.25(OH) 2D 3 in response to toll-like receptor signaling, and 1.25(OH)5D. production in monocytes increased the expression of genes involved in the innate immune system. Vitamin D status of cattle might be important for optimal innate immune function because 1,25(OT-I) 2D.i production ill activated nionoc ytes and subsequent upregula.tion of Re('('iV('d August '21 
INTRODUCTION
For several decades now, it has been known that there is an endocrine niechanism to regulate renal production of 1,25-dili drox vitamin D: i [1,25(OH) 9D 3] as a way to regulate the concentration of 1.25(OH)2D 3 systennically (Horst and Reinhardt, 1983) . The primary function of renal 1,25(OH)2D 1 production was considered to he maintenance of calcium homeostasis (Horst, 1986) . It has become evident that I .25(()H)2D.1 modulates, the immune response of several species, including cattle (Waters et al., 2001) . Furthermore, activated human macrophages produce 1,25(OH) 9D 1 as part of the unmune response to regulate 1.25(OH) 9D .3 concentration at time site of inflammation (Liu et al., 2006) . Local control of 1 .25(OH) 2D 1 concentration regulates genes involved in immune responses locally rather than systemically (Schauber et al., 2007) . Existence of a mecharnsrn to control 1 ,25(OH) 9D.3 production and gene expression locally in humans and mice suggests that there might be a similar mechanism in cattle.
Vitamin D, acquired in the diet or by radiation of 7-dehvdrocholesterol with UVB light in the skin,
is converted to 25-hydroxyvitamin D: i [25(OH)D3]
in the liver (Horst andl Reinhardt. 1983 ). The major circulating metabolite of vitamin D is 25(OH)D:m, and the concentration of 25(01I)D . in blood is relatively stable in cattle (Sommerfeldt et, al., 1983) . Conversion of 25(OH)D 3 to 125(OH)2D is accomplished by the enzymatic activit y of ics-lmvdroxylase (1-OHase; Sa.kaki et al.. 2005) . The ligandi for the vitamin D receptor is 1 .25(OH)2D:3 : the vitamin D receptor is activated upon binding 1,25(OH)9D j (Reinhardt et ad.. 1989) . The activated vitamin D receptor regulates expression of genes that contain functional vitamin D response eleuients in their promoters (Lin and White. 2004) . It is estimated that greater than 1.000 genes are regulated 1042 NELSON ET AL. by 1,25(OH) 2 D3 (Wang et al., 2005) , and the vitamin D receptor is present in most tissues and cell types (Lin and Vvinte. 2004) . Therefore. 1, 25(OH) 2D3 concentration is regulated tightly to control its effects on gene expression.
The kidney was the only known source for 1 ,25(OH)2D3 in cattle, and regulation of lo-OHase expression in the kidney is mainly in response to calcium homeostasis (Horst, 1986) . In contrast, 1&-011ase was expressed in human monocytes and niacropiiages in response to activation by toll-like receptor (TLR) recognition of pathogen-associated molecules (Liu et al., 2006) . In human macrophages. 1.25(OH) 2D:i increases the expression of cathelicidin directly via a vitamin D response element in the cathelicidin promoter (Gombart et al.. 2005) . It was found that 1.25(OH) 2D 3 induction of cathelicidin expression in human macropha.ges was necessary for the killing of intracellular Mycobacterium tuberculosis (Liii et al., 2007) . In cattle, 1,25(OH)2D3 modulated the immune response in vitro by increasing nitric oxide production and decreasing IFN-production in peripheral blood mononuclear cells (Waters et al., 2001) . Production of 1.25(OH) 2D 3 in the kidney does not increase as part of the immune response in cattle (Waldron et al, 2003) : so. if 1.25(01 1) 2D3 modulates the immune response in vivo, there would seem to he a source other than the kidney. It was hypothesized that bovine monocytes express 1-OHase and produce 125(OH) 2D 3 at the site of infection in response to TLR signaling to direct local regulation of vitamin D-responsive genes. The objectives were to assess the effects of 1.25(OH)2D 3 on bovine nionocytes isolated from peripheral blood and test the ability of bovine mnonocytes to express la-OHase and convert 25(OH)D3 to 1,25(OH)2D,.
MATERIALS AND METHODS

Animals
A group of 12 healthy, nudlactation Holstein cows at the National Animal Disease Center were used. The number of cows used for each experiment ranged from 4 to 6 and is specified in the figure legends. The care and treatment of the cows used were approved by the National Animal Disease Center animal care and use committee.
Monocyte Isolation and Culture Conditions
Monocytes were isolated b y adherence to tissue culture flasks as described previously (Stabel et al., 1997) . Briefly. peripheral blood was collected into 2 x acid citric dextrose, and the mononuclear cell fraction 
Measurement of Relative Gene Expression
R.ihoinmcleic acid was isolated from inouocyt ('5 using an RNeasy Mini Kit (Qiagen. Valencia, CA) according to the manufacturer's instructions and eluted with 50 iL of R,Nase-free water. Time RNA was reverse transcribed to eDNA in a 20-pL reaction using a. High Capacity Reverse Transcription Kit Kit (Applied Biosystemns. Foster City . CA) with 10 1iL of RNA sample and 20 units of RNase Inhibitor (Applied Biosystemmis). Reactions were incubated at 37°C for 2 Ii and heated to 85°C for 5 s. The eDNA samples were diluted 1:10 in sterile water and stored at -20°C. Quantitative PCR was performed with the 7300 Real-Time PCR System" (Applied Biosystenis) according to the manufacturer's instructions. Reactions consisted of 12.5 1iL of SYBR. Green PCB. Master Mix (Appliedi Biosystems). 2.5 [iteach of 10 1iM forward and reverse primers, and 7.5 iL of diluted eDNA. Primers pairs were designed with Priiner3 (http://frodlo.wi.1nit.e(Iu/Prime r3) (Rozen (Aalberts et al., 2007). and Skaletsky, 2000) to span intron-exon boundaries. Primer equeiiccs along with the efficiency of replication for each primer pair are in Table 1 . The efficiency of each primer pair was calculated iising the equation Efflciencv = -1 + 10 1 --] iUI where slope equals the slope of a standard curve generated with known dilutions of eDNA in the PCR reactions. Primer specificity was determined by gel electrophoresis and melting curve analysis. Relative quantification of niRNA transcripts was accomplished using the 2' method (Livak and Sclimnittgen. 2001 ). The gene fbi ribosomal protein S9 (RPS9) was used as the reference gene (JanovickGiuetzkv ci al. 2007 ), and stabilit y of RPS9 expression was checked by comparison with 8-aetin expression. For each experiment. the control sample was used as the calibrator, and expression of each gene is reported as fold increase relative to ti l e control.
Measurement of Nitric Oxide Production
The concentration of nitrite in the culture supernatant at the end of the inc'tll.)ation period was used as an indicator of nitric oxide produced b y monocyt.es . Nitrite concentration was measured by adding 100 ILL of culture supernatant or culture media with 0 to 100 i.M sodium nitrite to 100 1iL of Griess reagent. [0.5% sulfanilamide, 2.5% phosphoric acid, and 0.055/, N_( 1-na.phthyl) et-h ylenediamine dihydrochloride SigmaAldrich] in a 96-well clear bottom plate. The reactions were incubated for 10 win at room temperature. Absorbance at 550 nnt in each well was measured using a. FlexSta,tion 3 plate reader (Molecular Devices. Sunny vale. CA). Absorbance values were converted to m o icrnioles per liter using a. standard curve. To ensi.ire that nitrite accumulation in the culture supernatant was aresult of nitric oxide s ynthase activit y. 1 mIll of M '-niormoiuethvl-i-arginine (Signia-Aldrich), a nitric oxide svnthasc inhibitor. was added as a control treatmcmii:. There was 110 accuinulat ion of nil mite in the ciiiture supernatant when Pv '-niolomnethvl-L-argimiiue was added as a. treatment.
Statistical Analysis
Response variables were anal yzed as a completely randomized block design with PROC GUM (SAS Institute In(, .. Car y, NC). 4. 5. and 6 and (B) inducible nitric oxide synthase (MS), interleukin-1 (IL-id). RANTES (regulated upon activation, normal T-cell expressed and secreted), and S100 calcium binding protein Al2 (S100Al2) was determined using real-time PCB and the 9--Ct method. The mean fold increase shown for each gene is relative to the nontreated control. Error lairs represent SE. n = -1. 'Means with different let(crs are different. P < 005.
RESULTS
Of the other genes tested, inducible nitric oxide s yntliase (iNOS), regulated upon activation, normal T-cell Effects of 1 , 25(OH )2D3 on Monocytes expressed and secreted (RANTES) and S100 calcium Initially the effect of 1.25(OH) 2D 3 on 24-hyciroxylase binding protein Al2 gene expression were upregulated (24-OHase) expression in monocytes was tested be-by treatment with 4 ug/mL of 1,25(OH)A t alone cause 24-OHase is known to be a vitantun D -responsive (P < 0.05; Figure IB) . The combination of LPS and gene. The 24-OHase expression in monocytes increased 1,25(OH) 2D:t treatments resulted in increases of both with 1.25(OH) 2D: 3 treatment (P < 0.05; Figure 1A ). iNOS and RANTES gene expression relative to either Surprisingly though, the effects of 1,25(OH) 2D 3 on treatment alone (P < 0.05; Figure 1B ). There was no 21-OHase expression were greatly reduced when mono-synergistic effect of LPS and 1 1 25(OH) 2D 3 on S100 calcytes were activated with LPS (P < 0.05: Figure 1A) . cium binding protein Al2 gene expression ( Figure 1B 
Expression la-OHase in Monocytes
Time abilit y of bovine nmonocvtes to express RN-OHase upon activation with TLR ligauds was tested .Activation of bovine rnonocvtcs with LPS. Pain3CSK1. or peptidoglycan triggered a large increase in lo.-OHase gel1e expre.ssioIl relative to nonactivated nionocvtes (P < 0.001: Figure 3) .
Activity of la-OHase in Monocytes
Increasing the concentration of 25(OH)D 3 in the culture media, to physiological concentrations iicreased RANTES and iNOS gene expression and nitric oxide production in LPS-stimulated monocvtes in a dosedependent manner (linear effect., P < 0.001: Figure 4 25(OH)D1 oil and INOS gene expression and nitric oxide production but not ics-OHase gene expression in LPS-stimulated rnonocytes (P < 0.05: Figure 5) . Furthermore, the effects of ketocona.zole were reversed when exogenous 1 ,25(OH)9D 1 was added to the culture media (P < 0.05). Addition of 25(OH)D: 3 to monocvtes that were not activated with LPS increased RANTES gene expression (P < 0.05) even though lo-01ase gene expression was not elevated.
DISCUSSION
It has been known that 1 25(OH)9D . 3 modulates bovine immune responses by increasing nitric oxide production by peripheral blood niononuclear cells in vitro ( ), Vaters et al.. 2001 ). This studmore specifically revealed that 1,25(OH) 2 D 3 enhanced iNOS gene expression in activated inonocytes. It showed for the first time that RANTES expression was increased by 1 .25(O1I)2D.. However, the concentration of 1 ,25(O}1)9D .1 needed to increase iNOS and RANTES was much greater than the normal concentration of 1.25(OFI)D 3 in serum. which is less than 50 pg/inL (Hoist and Reinhardt, 1983) . Also, the concentration of 1 .25(OFI)2D3 ill serum did not increase (luring infection iii cattle (Waldron et al.. 2003) . It was shown in this stud y that bovine monocytes converted 25(OH)D:m to 1,25( FI),D3 in response to TLR signaling, providing 1,25(OH)2D: t at the site of infection. Furthermore, physiological concentrations of 25(01-1)1):m. winch typically range from 20 to 50 n,)/ mL, were sufficient to increase iNOS and RANTES gene expression through the actions of Ics-OHase in nionocytes.
An interesting observation in terms of regulating 1 ,25(OH)9D . 1 concentration at the site of infection was the regulation of 21-01-1a.se expression. Inactivation of 1 ,25(OH) 2D:.i occurred by hydroxylation at the 24 position by 24-011ase ). Expression of 24-OHase normally is upregulated by 1,25(OH)2D as a, means to limit the concentration of 1,25(OH)9D 3 (Goff et al., 1992) . The same regulation of 24-011a.se expression occurs in nonactivated bovine monocytes. Activation of monocytes with LPS blocks induction of 24-01-lase expression by 1.25(OH) 1, 25 (OH) 2D t produced iii mottocytes will not be degraded and will continue to regulate gene expression. Inhibition of 24-01Iase expression in LPS-activated nionocytes seems to amplify the effects of 1,25(01-10 3 oil and RANTES gene expression. Physiologically, this might be a. another means to increase the concentration of 1,25(OH)2D . at the site of infection and increase the expression of iNOS and R,ANTES and possibly other genes as well. The specif- There is a major difference between inn naims and cattle in regard to the effects of 1 .25(oH) .D,, on I lie innate immune response. In human monocvtes, production of 1.25(OH) 2 D 1 increased the expression of cathelicidin. which enhanced killing of intracellular Al. tubcjruloss (Liii et, al.. 2007) In contrast, the bovine cathehcichii genes with potential vitamin D response elenicuts in their promoters were not affected by 1 .25 , 1997 , . Waters et al., 2004 . No studies have definitively shown that nitric oxide is necessary for bovine mnacrophmages to kill bacteria. Regardless. nitric oxide production occurred during the course of several major diseases of cattle such as Joline's disease (Waters et al., 2003) . mastitis (Bhun et al .. . Bouchard et al., 1999 . and tuberculosis (Palmer et Relative expression of lo-011ase (A). RANTES (B). and iNtJS (C) was determined using real-time I'C I-{ mid (lie 2 n ict-liod. The niean fold increase shown for each gent, is relative to the noutreated control. (13) Nitric oxide productioii was determined by measuring the anionic of nitrite rite hi the culture superliitauil wi I h the Criess assa y. Error liars represent SE. u = 6 Means wit ii different letters are different. P < 0.05. ng/mL (McDermott et al., 1985) . Serum 25(OH)D3 concentrations above 50 ng/mL can he reached by additional supplementation; so, it might be possible to boost RANTES expression and nitric oxide production during an immune response in cattle. When the 25(OH)D;1 concentration exceeded 200 ng/mL in serum, calcification of soft tissue occurred (Horst et al., 1994 
